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ABSTRACT 


A brief resume’ of contemporary Analog-to-Digitsl Con- 
verters with particular emphasis on the Voltage-Comprrison 
method is given. Сгітегіс Гог selection of a transistorized 
DC error amplifier for such a system sre discussed and the 
more common types listed. In order to escrpe the severe drift 
problems of the DC amplifier, the use of two AC amplifiers in 
Каен го cover the frequency spectrum desired is investi- 
Батеа, One amplifier passes frequencies from several cycles 
per second to tne upper limit desired; the second passes 
frequencies from DC to several cycles per second, with the 

aid of a chopper. A DC amplifier as described above was 
designed, constructed and tested for frequency response, with 
results vhich demonstrate tnat such a system is feasible. 
Recommendations for further development, including the use of 
transistor choppers, sre presented. 

The work for this thesis was done at Cubic Corporestion, 
Sen Diego, California during the period from 20 January 
through 2h March 1956 and at the U. S. Navel Postereduate 
School, Monterey, California from 31 Merch to 15 May 1958. 
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given me by Professor Mitchell Cotton and Professor Abraham 
Sheingold of the U. 3. Naval Postgraduate School, and to 
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CHAPTER 1 


INTRODUCTION 
A, Objective 


ПЕНЬ yours, a useful and sorely needed technique 

has been developed to assist in the collection and evaluation 
of technical data. This technique is ADCON, Analog-to-Digital 
Conversion. The most apparent use for an ADCON is as a pro- 
cessing agent for analog, or continuously varying, date which 
ШЕРІ БӨ malted by an electronic digital computer. A second 
important ussge occurs in the field of radio telemetry. In- 
ommation collected in a test vehicle, say a rocket, generally 
modulates a carrier frequency which is then transmitted to a 
remote receiver, If the modulrtion is PCM, the deterioration 
СЕКС accuracy 1s Significantly reduced becruse of the relative 
ease of determining the presence or absence of a pulse! 1 |]. 
The object of this paper is to describe and discuss a DC amp- 

lifier which has been designed for use with one particular 
type of ADCON,the Voltage-Comparison Encoder. To provide back- 
ground for the development of this project, a brief discussion 
of the three major types of ADCONs is given. Considerable 
attention is given in Chapter II to the logic associeted with 
the Voltage-Comparison encoder rnd the DC Amplifier is shown 


to be the heart of the system. 


В. Major types of ADCONs 
Although many variations heve been used [2,3,4], three 
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seneral types of ADCONs predominate. These sre the Time en- 
coder, opati l encoder, and the Voltage=Comparison, or Feed- 
bac!:, encoder. The opersting principles of each will be 
песен. 

IE encoder. 

ПОЕ БЕН alinear srwtooth And the un- 
ШООК Уо асе are sent to a Comparator., Jhen the sewtooth 
E sesctupPouph zero, a counter is Started. This counter is 
ре nen the Comparator indicates that the srwtooth and 
the unimown ere equrl in magnitude, Thus the number of pulses 
Bomired (5 2 гергевепе”шіоп in binary form of the un:mown 
voltage. 

С: Speier encoder, 

Tne unknown nere may be either an angular shaft 
ион ог а voltage level. For tne latter condition, the 
а чо ларе level 15 connected to the verticrl deflection 
РЕНО: а Ш. 56а саблоае Tray tube. For each voitrge level, 
И рео morizontal line on the face of the CRT is 
Meo ca сс а шег thet a binery code representing the 
Я sor rerd out to photocell circuitry. The 
horizontal line may be illuminated by using a conventional 
ПО Е a Goin Nerizontolly orientated wefer of 
Е Отоа rom tae gun. Sheft position encoding is similar 
берг tict a lieht source, slit, end radial mask ere used, 
WOCE Doing Necessrry. 

ER Е сот encoder: 
Basic to this method is the sequential sub- 
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о ITO Lone unknown voltepe of $ series of precision 
В о: the mepn)tude ol aces predecessor. 
ТЕГЕ Бас aaa, the most recent sBbtr3hend is re- 
ЕРЕ Есе is grenter than zero, <nd is re- 

pn ФФФІТГТеЕТтепсе Бесотпез negotive. Jhen the smallest 
precision voltage Поз been subtracted, the strtes of a series 
пр-т Торз associated with eacn precision volt»ge may be 
Deag out es a binary reppresentstion of the un«nown voltage, 
о сотр if) tien reset to repeat the cycle on the 


next unknown input sample. 


С. Comperison of ADCON types 

IM ар ш тае уа ene major consideration, the 
SPATIAL encoder is best, attaining sampling rates to 10 MC 
at .1% accuracy. The chief accurecy limitations are the 
beam width of the CRT and the lineerity of the vertical de- 
NI ocbroujtry. while the circuits are simple, a high 
volume of ruxilisry equipment is needed, Because of the CRT, 
PS encoder 15 not particularly suitable when extreme shock 
end vibration are expected, 

For the best precision, a time encoder should be chosen. 
КЕСУ ЕБ ва by tne sweep linearity and the sensiti- 
су ог (пе Comparator, The sempling rete is slower than 
the other methods. With optimum flip-flop speed in the coun- 
ter (107 pulses/second) and .1% resolution, the meximum 
sampling rate is 10,000 semples/second. 


A compromise between the two types is tne Voltage- 





Comprrison encoder. Using .1, resolution, rates of over 
100,000 samples/second may be rttrined. Speed is limited 
Buzche speeesofsicnezeounter and by switching speed in the 
lopic net. —ecurscy depends upon the precision voltages and 
resistors used in the comparison network and on the effi- 
ciency of the switching devices which rpply and remove the 
precision voltages. About .1% accuracy is obtainable rt the 
Е ое. Thecehieft disráventofe of this method is thet 
ОИ ОООО лета Ое а ОШ ot logics! circuitry is needed, but 
ЫС ООЛ О О ГТ О will allow the encoder to be encased in a 
rersonable volume while elso keeping power reauirements low. 
The object of my work at Cubic Corporation was to contribute 
ux nelor-to-dispital converter of the following specifi- 
eco LOns : 

.ló Accuracy 

Renge -100 to 4100 Volts 

Transistor design (for ruggedness and low power 

and volume considerstions) 

Sampling Rate of about 50,000 pulses/second 

It is apparent that these specifications fit the Voltage- 


womperisen encoder well; nencs, this method wes chosen. 





CHAPTER II 


A VOLTAGE-COMPARISON ADNCOT 


АЕ Тоска] eram. 

ШЕГЕР оп ог the overall system may best be under- 
пу referring to гіріге 1. Clock and counter pulses 
are of positive polarity. Tne AND gates will conduct when 
р зе irom the counter is sent to them simultaneously with 
аА positive enabling level from the DC amplifier. Tor the 
Mapei lops; tie set output is nigh when the flip-flop is set, 
end low when it is reset. Control gate j will apply -Vref 
to Rj when FLIP-FLOP j is set, and will ground Rj when FLIP- 
FLOP j ís reset. The SAMPLER reads the level of the analog 
Mamona спа holas Cis level until the cycle of logic is 
ресей The delay device allows for parallel readout 
(from the RESET outputs of the flip-flops) end for the next 
semple to be taken ofter pulse /12 апа before pulse #1 of 
the new cycle. This could just have well ave been done by 
including pulse ‚13, but would have reduced the sampling 


mace slightly. Reigen and R are included es an off- 


Барт те 
set frctor to allow both £ and - input voltages to be 


analyzed. For this system Hsign = Rsipn ref = R/2. 


Bree UperatLon, 
The sequence of operation begins with the sampler, 
heving previously tested the un!:nown, holding a level Vx 


for the length of the cycle. Pulse #1 sets FF 71 and resets 
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all others. Thus -Vnef is applied to Rsign ме В, en, 
etc. are all grounded. Assuming the DC Amplifier input to 
be at e virtual ground, the polarity of the input signal 
will be the same as that of Vx. This is so because #Vpef 

is ecual in magnitude to -Vnef, and effects n temporary 
cancellation. Assume Vx is /. Then Vout (of the amplifier) 
is - , inhibiting the passage of pulse 2 through AND gate 
fl. Thus -Vref remains applied to Rgign for the entire 


cycle. The effect is as if Бару and R were not 


Sign ref 
included in the system. ТГ Ух were negative, however, the 


logic would ground Ry; for the remainder of the cycle. 


en 
The system would then operete on (f4Vner -Vx), a positive 
quantity. The reset output of FF #1 represents, therefore, 
the polarity of Vx; "low" being equivalent to Т ТЕ" 
equivalent tO =. 

Assuming a positive V. for illustretive purposes, we 
continue with pulse 2 2, In addition to feeding AND gate 
ви, pulse 7, 2 sets Fr #2, If Vx „IVrerl , the net current 

в“ 


х 
flow will ceuse the input summing junction to be £. Since 


R, = R/2, this may rlso be stated os Vx >\|Yestl, the logic 
will then cause no change in FF ¿2 when pulse # 3 arrives. 
This perns that [red has been subtracted from M ВЕБ 

Um < zed, the DC Amplifier will have a “output and pulse 
i 3 will ground К. Pulse # 3 elso epplies - Vaher to ER. 
Wrest is thereby subtracted from the remainder of the pre- 


ceding decision (i.e. from either Vy or Vy = рег). Similar 


7 








logic prevails for the remaining steges through pulse ; 12. 
The current applied to the amplifier input at this time is: 


10 
Y) ww v > 1 
т aes ВЕ 
r= H d 


ji J 





(1) 

Where Aj = O or 1 depending on the logical operation 
described above, For negative values, V. may be replaced by 
(AVnet - Vx) in the above equation. This leads readily to 
the interesting fact that the output for negative Vx values 
is the one's complement of £ Ух. Appendix I contains an ex- 
ample of the operation for a particuler numerical value. 

The process is completed by a parallel readout of the 
RESET outputs of the flip-flops. At the same time, the next 
Vx velue is sampled in anticipation of Pulse # 1 appearing 
for round two., 

Operation of the CONTROL GATE circuitry is explained 


Appendix Il. 





ОВ IIT 


CRITERIA FOR THE SELECTION OF THES DC ERROR AMPLIFIER 


Ал: DemhorEmance required 

By their nature, direct-coupled amplifiers are ornery 
devices, the severe drift of the output current with change 
O61 temperature being particularly vexatious. Also present 
Be stherproblems of other amplifier types - attaining suffi- 
cient gain, appropriate bandwidth, and stability. With the 
exception of the latter, which will be discussed in Chapter 
IV, each of these will now be considered in det-il, stress- 
ing the applicetion to the ADCON system. Tentative system 
requirements sre that a 5 mv signal input should result in 
ЕСІР сптрир То с 2.7 X load. Clock rate is to be 500 KC, 
allowing two ду secs for the accomplishment of each deci sion. 

1. Gain-bandwidth considerations. 
Although transistor amplifier gain is more 

aptly described in terms of current or power gein, it is 
more convenient to speak of the voltage gain for this parti- 
cular case. Considering solely the ratio of output signal 
fe Tlinimum input signal, the prin requirement for an open 
loop circuit would be A = 1000 or 60 db. For an operstionel 
summing emplifier, equation (2) is velid only wien the open 
loop gain is high. Typical amplifiers have gains between 500 
and 50 M[6]. The higher the gain, of course, the better the 
арры топ. For errors less than 15, the open loop agrin 


should be 66 db or better for Rr=R (see Appendix III). Гог 





He the error becomes even smaller. 

Since the гтаіор renge includes 100 volts, «nd since 
transister circuits operate rt a lower level, a practical 
summing emplifier would have an Rp lower than R. This leads 
ман important distinction regarding the function of the DC 
amplifier. That is, is it necessery to have a true digital- 
to-analog converter within the ADCON, as was assumed by the 
simplified presentation of Chapter II? The answer depends 
on the intended use of the system, If it is £ contemplsated 
marketing the device with the added capability of having a 
sepsrable DACON included, then Epyt of the smplifier should 
be a true representation of the analog voltage corresponding 
to the state of the flip-flops. For the system being con- 
sidered such a feature was not intended, Output of tne DC 
Mater, therefore, need not be an enlarged replica of the 
input, but must show rather whether or not the input is plus 
or minus in polarity et various periodic instants of the 
Secision cycle. Limiting, either within the amplifier or at 
the input, would be permissible, the smallest expected signal 
(4 бшу) driving the output sufficiently to enable the gates 
to tne flip-flops. ТГ the DACON fe>ture were include:r, the 
smallest positive signal expected could be made to trip a 
comparator which would in turn enable the gates. 

Consider now the effect of bandwidth on the signal out- 
put. Since the input signal will be similar to a series of 


pulses, each of two4/secs in duration, the desired amplifier 
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may be likened to a video amplifier. Assume uniform trans- 
ВЕ: Irom zero ireauency to fs, with no transmission 
above fs, Also assume that the amplifier phase shift is 
Prove. t1Olal to frequency within this band and that no 
Еа occurs within the amplifier. If a rectanguler 
Вет әпгізесй to the input, two sipnific:nt cheracter- 
istics of tne output must be exsmined, These nare the rise 
time of the output and the condition that the output be gen- 
Ea OL rectangular sispe. It has been shown [7] that the 
Ка ше to rise to maximum value is given by: 


GE a ,205 


г, 





and that a pulse output of good detail is obtained when: 


Ine т 2 
pulse width 


Tnis leads reedily to a pass band up to one MC for a two 

4sec pulse, which means a rise time of .8 Двесв. Since 
delsys may be expected in the logic circuitry es well, it 
would seem reesonable that f, be made at least one MC to al- 
low settling of the circuitry before the next pulse from the 
Ping counter appesrs. Naturally deterioration of the actual 
ИОТ ег from the cheracteristics of tne ideal papi fier 
ШЕ ел ег tie response. In perticuler, the phsse variation 
should be less than .5 radian from a linear cherscteristic 
in a frequency range of 157 KC [8] . These criteria would 
not apply to an amplifier which used limiting since they 


Ее ео 2 linear Situation. In the letter 


ШЕ) 





instance, the recovery time of the saturated transistors 
must be short enougn to allow proper operation of the logic 
every two 44 secs. One practical wey to prevent excessive 
overdrive of the transistors would be to limit the input 
вос стоя diodes, 

2. Drift requirements. 

Before e DC amplifier can be useful in a per- 
ticular system the problem of drift must be met and con- 
guered, Drift is defined as ea slow variation in output 
rre ntidue to causes Other than input signal. Equivelent 
input drift is the signal input recuired to restore the 
oulpuUt current to the value required for zero output. With 
pDucowiefined, let us @Xemine the ceuses and effect of drift 
mapa transistor amplifier. 

Changes in supply voltage and changes in 
operating temperature are the principle causes of drift. 
Assuming thet the former cause may be reduced sufficiently 
by regulated supplies end adequate warm-up time, we may con- 
centrrte on the temperature. Transistor parameters will 
very with temperature, the most troublesome effects being 
caused by changes in Ico, the collector current for zero 
emitter current, and in the forward resistance of the emit- 
ter-to-base diode [9] Е о га 515 бог vari- 
ations prove troublesome even when direct coupling is not 
сапа сап shift the opereting point to such a degree 


that amplification is completely lost [ 10] = Some formam 
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temperature compensation must be used іп conjunction witn 
proper bias design /11,12,13/ . hen direct coupling 1з 
úüsed thë problem is more acute since a slignt change in the 
DC operating point of each stare is amplified and passed on 
to succeeding stages. Tne final stage may easily: be driven 
Iu r:upratlon Or cutoff by a slxght change in the first 
Stage, even with no input signal. Considering this for the 
ADCON system where five mv is to provide e five-volt swing, 
the equivalent input drift must be less than five mv. Аза 
ressonable criterion we may say that the equivalent input 


drift should be two mv or less. 


БЕТ РЕ ПӘЛЕ Generelly Used, 
1. Temperature-sensitive networks. 

Temperature-sensitive networks such as those 
described by Shea ina and Keonjian ЕЛ utilize resistors, 
back-biased diodes and additional transistors to compensate 
for Ico change with temperature. Typically they may reduce 
output current drift to a velue 1% of room tempersture cur- 
rent in the range 0° to 50° centigrade. 

2. Chopper stabilized. 

For chopper-stabilized DC amplifiers, a feed- 
beck resistor connected from output to input reflects any 
output drift. When the DC level of the input junction is 
other than zero, a chopper breaks the DC voltage into a 
square wave which is amplified by an AC amplifier, filtered 


back to DC, and sent to some point in the circuit which will 
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Е correcolón signal to reduce trescritt almost to 
neutralization. A filter between the input and the chopper 
eures cher only DC ап! Very low frequency components ere 
Pasccea tO the AC amplifier. It also prevents any significent 
amount of current to be drewn from the input when the chopper 
contact is srounded. One method of feeding back the signal 
is given by Blecher Гц] and uses © complementary series of 
Euput resistors, and one from the output,with the chopper 
platero to introduce a correction et the summing junction 
Sie vO drift alone. 
3. Differential input. 

Па 015 system feedback from the output is 
sent to a differentially connected input [15] . That is, the 
feedback is to the bese of a transistor which shares an emit- 
ter resistor with the input transistor. Characteristics of 
mese tvo tronsistors are usually matched so that perameter 
chenges with temperature balance out. A combination of the 
met terencial method wita chopper stabilization, albeit for 
Исои лое Circuitry, is piven by Bradley and McCoy [16] e 

|. Balanced systems. 

e al Connecting transistors іп 
Exch stage snd eeScading the stages, DO amplification may be 
obtained while drift due to temperature change is balanced 
Eun gUIstration' of 6113 System, which also uses input 


limiting, is shown in [17] . . 


1h 





C. Proposed DC Error Amplifier. 
1. Operation, 

A basic change from the preceding types has 
been made in the amplifier developed during the course of 
this vork, though many of the features of the chopper stabi- 
meed amplifier are evident. This change is that no direct 
coupling has been used, with the important result that changes 
of DC operating points are not amplifled and coupled to fol- 
lowing stages. A block diagram of the amplifier is given by 
Figure 2, and an idealized gain-frequency response by Figure 
3. Both the main emplifier and the chopper emplifier are RC 
coupled except that there are no capacitors from the last 
Esser the main amplifier to the output, Point x connects 
through a resistor to the base of the last stage, Feedback 
resistor Rf, as before, is used to l:eep the summing junction 
input at a virtual ground. The chopper amplifier is used in 
parallel with the main amplifier rather than as a stabilizing 
еее.  helerring to Figure 35 the chopper amplifier 
should pass frequencies from DC to a few cycles / sec. The 
main amplifier must extend quite low in frequency, picking 
up where the chopper amplifier left off and continuing to the 
desired frenuency fs. Addition of the two responses should 
produce a response approximately linear from DC tO fg. 

The mechanical chopper runs et 400 cycles al- 

ternately grounding the input.and output of the chopper 


amplifier. Thus a small DC signal at the input summing junc- 


15 





Gan (db)—> 


Rr 


our 
(X 


> T 
AMPt. 
R1 Ro Rs 
| 400 AJ 


C C 
1” CHOPPER м T 


Ficure 2. CHOPPER STABILIZED AMPLIFIER 





7 
Man 


AMPLIFIER 







4 / 19 100 IM ‘ом 100K MA 


Freavency ( M sec.) > 


FicureS, /гклц/гғо RESPONSE CURVES 
16 





tion becomes,at point М» a Square wave of the s^me polarity 
"в the DC signal and clamped to ground. Since the chopper 
amplifier has а рпғгзе іпуегвіоп and since point z is clamped 
when point y is not, the filtered output is of the srme 
polsrity rs the original signal. This is illustrated by 
Figure I. 816, спа UL are, Liesmpub and output TEigers, 
respectively. Note that with the summing junction being main- 
шо аб а virtual ground, current flow through R4 when 
вас у 15 grounded by tie chopper contact would be very 
small. Resistor Ro reduces this flow even further. 
PACO MParison With other types. 
ШТ ТЕРЕ СП amplitier can be successfully 


Amps tivtuted in this applicstion for the more prevalent 


FIGURE 4. CHOPPER WAVEFORMS 
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direct-coupled amplifier, the major limitation of DC Amp- 
lifiers, successive amplificction of DC operating point 
ШІ, ІІІ Биота e thermore, the effect of the 
chenge of the emitter-to-base diode resistrnce with temp- 
erature mey be minimized by insertion of a swamping resistor 
nec emibtter les, bypassed by a capacitor, For direct- 
Aisa circuits, this capacitor could not be used becruse 
mee Ould cnarge to tne DC average of the imposed signal, 
вост а DC error in the output. Thus any emitter re- 
sistor used for swamping would also introduce degenerative 
Signal feedbeck. For the proposed amplifier, biasing should 
ES SUCH that tie operating point is on the linerr portion of 
the cherscteristics. If extreme temperature varirtions are 
expected, temperature sensitive elements will probably be 
needed, as in any AC amplifier, to keep overating point 
shift small. With these precautions, the most likely csuse 
Seetrouble would be the final stage which is direct coupled 
to tne output. The feedback resistor will help minimize 
moos ОРТО, Out will not be as effective as in the chopper 
stabilized case. Also, the emitter resistor for this last 
ace cannot 0с bypessei, but if the first two strges have 
mer ricient gain tnis problem shouid not be too troublesome, 
onre Кулга л оп Іт: Eho precision voltages for any 
ПЕ. Ор іп tae relative resistances of tne precision re- 
sistors with temperature, will produce an error output which 


is indistinguishable from the signal. This error is not a 
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ИСО ПЕ РИНЕ (5 Characteristics, however, and 
would appear equally for any of the types mentioned. One 
obvious difficulty will be to matcn the freauency responses 
Игпе спороет amplifier and the main amplifier so that all 
ООС ЛС ес Lower than is will be smplified approximately the 
Em mount. It Should be noted, however, thet the gain need 
not be level to within .1, in order to sttain thot eccuracy 
Rom the system, because of the manner in which the grin 
enters the ecuation of a summing amplifier. 

шөген тест от споррет types. 

l1. techanical choppers 

The use of mechanical choppers to amplify low 
level DC sipnals is a long-established technique. In the 
Eorwentionel system 8 Low-level DC voltage is mechanicelly 
Вии Ротор to amplification by en AC amplifier, and then 
filtered beck to DC. Thus the relatively poor zero stability? 
and gein stabilityS DO ЛЫ О уер is avoided, One such 
сеп developed by Willisms, Tarpley, end Clark [18] uses 
this method for zero stability, combined with feedback for 
gain stability. The bandwidth available for such a system 
is low = much below the frequency of the mechanical chopper. 
Zero stability may be defined as the meintenence of zero 
Output for zero input. 
"Goin Е ПЕС (ете, 18 "пе пгіптегпгпісе of a con- 


ШО ат өз Plúuctustims of line voltage, temperature, and 
вечер Gisturbances occur. 
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Goldberg devised meens of using the chopper in such a way 
Beet this DemcWwidth restriction is eliminated [19] К тої 
method is the Chopper-Stabilized DC Amplifier discussed in 
III - B of this paper. An important -dventage of the mech- 
enicsl chopper for the lstter system, and for the system of 
Plis paper, is that synchronous filtering is so easily ob- 
Banner, Бу this is meant the mechanical clamping of input 
end output lOO cycle weves to ground to give eventually an 
mipliited DG Sipnal of the same polarity as the input. The 
errors et the summing junction due to the chopper itself, 
Such as thermal emf caused by contact potential, are small 
(less then one mv), and the circuitry sssociated with the 
ener 1S simple, i.e., the driving circuit.  Disrdventeges 
ere high driving power, susceptance to vibration end shock, 
short lifetime (1000 hours), necessity of shielding between 
driving source and the chopper amplifier, nerrow operating 
шеспепсу range, and high cost. 
ООО сес ос сһоррегв 
In recent years electronic choppers have been 
Beveloped using mapnetic emplifiers, magnetic converters 
[20] ИТЕ лс с Пот, A typicsil trensistor 
mopper, using two npn ms ео ое Бу rruper 
[21] ‚ Referring to Figure 5, a square wave control signal 
fmemepplied through a transformer to the base of two trens- 
tors; alternately cutting one ONE Tle Other із 


зо Тв DO 515021, о” either polarity, cruses 
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FIGURE 6. A TRANSISTOR CHOPPER WITH 
IMPROVED ZERO STABILITY 
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Eurrent во flow thtouga that prrt of the output trensformer 
mire to ineseries ic. tae conducting Transistor. On the 
MERMA CCIE ne Gopocice transistor and outpot trrens- 
eT lT IT GSS current, producing a snuare-wave output 
which may then be omplified. This device does not act as 
пгомиватіс сістпр, гс did the mechanicsl chopper of III = C. 
meerciore, the output of the AC amplifier must be synchron- 
ШЕТ ІГІГегей во thet the polarity of the input signal is 
not lost. Another important consideration is the output ob- 
КОЛОС О ero input... Ideal switching charecteristics for 
each transistor would heve operation along the Vc- Ic axes, 
пе voltage axis representing an open circuit and the current 
ШЕ 22 сіозва Circuit. Por zero DC signal the load line 
would intersect the origin end no output would result. The 
actual charrcteristics are somewhat off this ideal, inter- 
Peevig in the first quadrant just off the exis, Thus the 
вовсе] пола line through the origin produces e smell 
Сесе асе Бог (ле connection shown this error is over 
10 mv. If the transistors are inverted (collector used es 
emitter and vice versa) the intersection is an order of 
megnitude closer to the origin, giving errors around 1 mv 
[22] . An adaptation of this circult which eliminates this 
error voltage is shown in Figure 6. The basic operetion is 
similar, the DC voltase being applied to the load when A con- 
ducts, end a short circuit spperring ecross the load when B 


conducts. The important difference is that the error voltege 
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ГО Того DC Sipialeis=epplied to the load in the same direc- 
tion for both A conducting snd B conducting conditions. Then 
if tne trensistors are matched, the error is a DC error which 
does not psss to the AC amplifier. In both of the preceding 
circuits the input source resistance should be low to mini- 
Шіде znyzerzor due to the smell trensistor current flow 
rough ШЕ resistor. 

A third type of solid state chopper shown in Figure 7 
is the ring bridge modulrtor described by l.oody [23] . Refer- 
o е 7, the control signal elternately activrtes 


peths XYZ and XWZ. The DC signal current flows through one 


a AC 
OUTPUT 





e S 
| AC | 


Mo Oe 
SIGNAL 


FIGURE 72 A Rıns Bridge MODULATOR 
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Вт ог Та to DOIN KC and Z through the activated path. 
Шрровіте ара есіп! signal currents thus flow through the 
two halves of Tl producing no effect here, On the next half 
cycle signal current flows through the other half of T2, pro- 
ducing a squere-wave output. 
3. Comparison of Choppers. 

sensitivity of the mechanical chopper and the 
magnetic converter can be made as low as 107? amperes. The 
ring bridge modulator and transistor choppers have slightly 
higher sensitivities, but would do just as well for this type 
of DC amplifier. The letter two types have the advantage of 
ruggedness, low power, long life, shock and vibration resis- 
bance, small volume and weight, and the ability to operate 
Во ер Тгесцепсіев, The magnetic converter requires more 
power and is somewhat bulky.  Advanteges and disadvantoges 
of the mechenicel chopper have been mentioned in paragreph 
one. 

The question erises, which cnopper would be best for 
the DC Amplifier of III - C? Selection of the mechanical 
chopper wes made at the time of designing the DC Amplifier 
ОБОИ А5 readily availsble and because of the ease of 
Echronized filtering when using it. The finsl choice must 
mest on the proposed use of the ADCOM system. For example, 
Eiche system were part of an earth satellite, the sverege 
1000-hour life of the mechanical cnopper would make it an 


Aimpraetricel choice, For guided missiles, this chopper would 


eh 





be scceptable if the shock and vibrations expected would 
ve no adverzezerreers, and if too large » percentage of 
its expected life were not usec up in pre-firing tests. For 
ground instcllations the mechenical chopper is suitable pro- 
vided thet 1000 hours of operation is worth the forty dol- 
ers or SG Tel the chopper costs. 

Offhend the transistor choppers would seem to have the 
edge. One major drawback is the requirement thrt the source 
input impedence be low. This system must use a filter to re- 
strict the chopper input to DC and low frequencies, The 
filter resistor, then, is a high impedance rnd must be con- 
sidered a part of the input impedance. A Second and less 
Merortent disadvantage is thet the transistor choppers need 
Buen сітспісгу to accomplish the synchronous filtering 
ЕЕ Ртеа зацаге моуе. Іп view of these factors, end 
the time svailable for the project, choice of the mechanical 
chopper for this initial investigation seems to have been a 


fortunate one. 
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CHAP TI way 


THE DC AHPLIPIER 


A. Chopper ampiifier design. 
Ic Opper amplifier. 

Both the chopper amplifier end the main empli- 
fier are oul ТОНЕ Of the same basic design, the original 
intent being to build a universal package which could be used 
wherever an AC amplifier is needed in the system. It was 
soon noted thst the different demends of the two emnlifiers 
were not compatible, causing the design of each to diverge 
том: requirements. For the chopper emplifier the 
principle characteristic is that a ЦОО cycle square wave be 
amplified. Furthermore, the amplifier should be insensitive 
to low frequencies, less than ten cycles or so, since they 
are to pass only as a modulation of the lOO cycle carrier. 
Prem inal circuit diagram is conventional in design and із 
given by Figure б. The voltases were chosen the same es 
those of the main emplifier to keep power supply recuirements 
to a minimum.  Steges one ond three use 2N123 pnp germanium 
Dponsistoss, stace two a 2N167 npn. Choice of an npn for 
tne second stege wrs a carryover from an earlier attempt at 
егес СәПріІіпр: а рпр could just as well nave been used, 
Te selection by trrnsistor types was based on reesonably 
low Ico values (two 4 amps averege), and evailability in 
stock. Voltage gain for |00 cycles was messured at 6445, 


Approximete bandwidth between three db points for the chopper 
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FIGURE 8. CHOPPER AMPLIFIER 


amplifier alone was from 300 cycles to seven KC. A signal 
of six mv peax-to-peak drives the amplifier to saturation at 
00 cycles. 

E: CODE. 

Tne mechanical chopper used was a Bristol 

Company Synchroverter switch, part number 0111]. Ав іп many 
choppers, the synchroverter hes make-before-break contacts to 
prevent transient pickup during switching. Drive for the 
chopper coil is provided by a transistorized l00 cycle free 
maning multivibrator, rather than lOO cycle AC, to simplify 
system power requirements. 

3. Problems encountered. 

wee sos ter limiting. 
AS mentioned in paragraph one, the amplifier become 


saturated for lOO cycle/second signels of over six mv swing. 
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For the purpose of demonstrating the principle of comple- 
mentary frequency response, this is satisfactory since the 
mein amplifier also saturates at this approximate level for 
mid-frequency signels. A signal smaller than this value was 
used when teking the frequency response, For a system in- 
corporating a DACON and working at the hish voltage range of 
this one, the chopper amplifier would have to use higher 
supply voltages, and hence different transistors, to prevent 
saturation. 

b. Stray pickup. 

Stray wiring pickup from the multivibrator to the in- 
put to the chopper emplifier proved to be a major problem. 
Pniyecnessitghntest trace of transient spikes at base one was 
sufficient to drive stage three into saturation, with the in- 
put summing junction grounded. This pickup was minimized by 
encasing the chopper, multivibrator, and filters inside a 
shielded box. Shielded cabling was used for all leeds to 
and from the input filter as an added precaution. In another 
instence, severe 60 cycle piclup, primarily from the power 
supply, caused a 60 cycle/second output, chopped at а 100 
cycle/second rate. If 60 cycle/second cirmits ere to be 
used near the chopper amplifier for a system of this type, 
unwented response may be reduced by cutting off the low fre- 
quency response between 60 and 100 cycles/second, by using a 
0 cycle/second trap, or by having the amplifier tuned to 100 


cycles/second [au] : 
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De Main Amplifier Design 
1. Preta amplifier 
ШЕШЕ y is © circuit disgrem of the main 
ШшрІІТет, Е/зтогв аге ¿gain 2N123 pnp for the first 
and third stages, and 2N157 npn for stage two. A closed- 
loop frequency response of this amplifier was taken and is 
presented as Figures 10a and b. High-valued emitter and 
coupling caprcitors were used to extend the response to 
Suite lO ЕЕ етсісв, ас indicated in the figure, Mid- 
frequency gain was 56 db end saturation was reached tere 
with » six mv peak-to-peak input. The upper three db point 
occurred at ebout 100 ke, lower tnan the value of one MC 
recommended in paragraph III-A for a two 44 sec pulse. Since 
trensisterized wide-band AC amplifiers extending well cbove 
tnis frequency nave been developed / 25J, the problem of ex- 
tending the response upward is not severe, «hen the chopper 
circuit was used in conjunctim with the main amplifier, no 
appreciable difference in gain was noticeable for frequencies 
above 1.5 cycles/second. The dotted curve of Figure 10a 
shows the response due to the chopper amplifier alone, Ex- 
cept for DC, no readings were taken below .2 cycles/second. 
Closed-loop gain for DO was measured set 3l db, lower than 
the value desired but sufficient to demonstrate the feasi- 
bility of using complementary amplifiers. Open-loop gain for 
DC was 60 db, a more encouraging figure. 


2. Coupling from the Chopper Amplifier 
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several different methods of coupling were 
tried with thet of Figure 9 settle. upon. Omission of the 
IOK A resistor would be satisfactory from a DO standpoint, 
but AC signals from stege two would be shorted to ground by 
the 20 yf filter capacitor. 

Figure 11 shows sn alternate epproach. Ап 
emitter follower is inserted between the filter and the base 
of stage three, The input voltage divider must now return 
to a positive voltage to prevent cutoff of the emitter fol- 
lower when the filter signal is positive. With the base of 
the third-stege transistor quiescently maintained at zero 
ШО ша emitter three also returns to a positive voltege. A 
value of 1.5 volts gives the collector of this transistor an 
operating point midway between saturation and cutoff for the 
resistence end voltage values used, If the emitter resistor 
is increesed, a higher voltage could be used but excessive 
anal dereneration results, Because AC signals coming 
through the main emplifier were clipped at the bese-emitter 
сито іп the absence of emitter bypass capacitors, it Wes 
ЖЕП г арест coupling from the filter was superior. 

Pee Output Circuit design. 

EEO Gi NCE опера are бла the feed- 
CSE resistor should be at zero volts quiescently, «nd should 
be capable of positive end negative swings when the input 
chenges minus end plus, respectively. The output which en- 


ables or innibits the logic gates should swing between zero 
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FIGURE 11. EMITTER FOLLOWER COUPLING 


and £ five volts, if possible. To sccomplish this, output 
to the AND gates should be taken from point F of Figure 9. 
An additional emitter follower, using a high current transis- 
tor, should be connected here to provide sufficient charging 
current for the AND getes without losding the amplifier ex- 
cessively. If a full five volt swing is not aveilable, point 
F may be moved closer to the / 15 volt supply. Care must be 
taken that this voltege is not enough to enable the getes for 
zero signal condition, considering any expected power supply 
meuctuations. 
|. Stabilization. 

As with eny amplifier, oscillations must not 

occur as the level of signals is changed. One indicstion of 


possible instability may be obtained from the plot of gain in 
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Heclbels versus lop Пе slope of the curve fells off 
st 2 rete rrester than 10 db / octeve nesr unity gain, pos- 
bility of ine bil ty Occurs [26] ‚ “ТЇ thesemeracveristics 
indicste this to be the case, interstage network shaping mey 
be used to introduce a lead network. The corner frequency 
should be made lower than f,, the frequency of unity gain, 

so that the rising six db / octave characteristic of the net- 
work will reduce the overnll slope by this mount before, 
rine, semomeeresevyeral db below unity gain. A more detailed, 
but conmmiliceved, frequency domain analysis of stability may 
КОО code" s return difference concepts. A tnor- 
и ТОП ОПГ ОГ this method, applied to trrnsistor anpli- 


fiers, hrs been published by Blecher ШЕ . 
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CAPTER V 
CONCLUSIONS 
A. ПОС amplifiers. 

Tne beste concept of using complementrry AC ampli- 
fiers, one with a chopper, to produce vide-b-nd ^C amplifi- 
cetion is sound, and development of an ADC.N system around 
Ec 0UIepPi1s Teasible, An important decision which 
must be made prior to an ADCOL's “sesign is whether or not a 
ОО ООО ООСО is to be included. Гог а specific industrial 
Им application, such as pert of a guided missile, 
GBiis Seems Unnecessery. On tne other hand, if the ADCON is 
to be a general purpose commercial item, having » seprreble 
EUMD POSvrues an added touch of versatility, extending the 
Ex. sefulness of the unit. The DC amplifier, whether 
DD Sus discussed in this paper or another type, is af- 
Mee rcomoy this decision. If a separable DACO is wonted, 
there must be no limiting in what will then be an operational 
amplifier. The AND gates will then be driven by a comperetor 
NO a ne amplifier, or possibly a DC error amplifier 
| 28, 29] mí a separable DACON is not desired, this type 
EM Pis still Satisfactory; or one which limits tne 
ШЕШІ Н теу be used. Por the latter case, it is recom- 
mended tnat the limiting be done at the summing junction. 
Thot is, the feedback resistor may be omitted and the summing 
junction returned to ground through œ pair of junction diodes 


connected in parsllel, plate to cathode. Tne forward resis- 
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tence of the diodes must be low enough compared to the low- 
est valued summing resistor to maintain the desired accuracy, 
and high enough to develop sufficient input signal. It 
should be realized thet limiting within the emplifier when 
a feedback resistor is being used, does not really accomplish 
the purpose of the amplifier. Superficially it appears thet 
as long as a positive or negative output indication is all 
tant is needed, limiting does no harm. As pointed out by 
Jo'nson [30] , However, limiting destroys the besis on which 
the operational amplifier eouestions were derive... That is, 
Sout % -Ein A. Because of this, the summing junction is not 
maintained at a virtual ground and the input signals are in 
РСТ eap l ii ier described in this paper, for instance, 
will work with the system as еее ти Chapter Ii only for 
low input Signals below the saturation level. It can be made 
to work under signal-limiting conditions, however, by modi- 
fying the ADCON system as previously described in this рага- 
graph. 

Dee eae Junction. 

If the system is to be capable of encoding unknown 
voltages from -100 to £100 volts, the feedback resistor will 
Mave го Ве Bout four times smaller tnan the smallest resist- 
ence in the precision network of Chapter II to bring Eout down 
to voltages compatible with transistor circuits. This makes 
БЕР ТББ ЕЕТЗТоОТ Small since the smallest summing re- 


sistor is itself restricted in size by the requirement that 
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the lergest resistor be 2 10 es big. One solution is to 
reduce the input un:mown voltage, by a fourth sey, using an 
operational amplifier. The remeinder of the system mry then 
operete on this unknown. The voltage applied to the pre- 
cision resistors would now be made 25 volts to accommodate 
the new scele. If this voltage is too low, however, error 
due to voltage drops in the diode switches becomes more sig- 
nifiernt. Ап elternete solution is recommended. Several 
different configurations for the summing network heave been 
sugested and successfully used in other systems ex, 32| : 
These are generally ladder networxs which are arrenged so 
that precision volteres or currents are generated in eccord- 
ance with the position of a series of electronic switches. 


Tne currents or voltages cen be made to be in the progression 


кін 


1, 3, l.... as recuired, but using resistors which do not 
vary R, ОП, hR.... Smith's system [33] ToT exemple, uses 
only Пп опа 218 ус ез. Thus R may be made rather large to 
Bccommodnte the high voltage range, cnd the feedbacx resistor 
may then be increased in size elso. 
С. Accuracy. 

Ten ampliées a resolution of one 
part in 1021, and sets a limit on the accuracy of about 
f .055. The accuracy of the system can by no merns be con- 
sidered synonymous with the resolution, however. For a .1% 
Бас оп а теп-Оіс encoder the open loop gain of the 


amplifier should be greater than 56db. The resistors and 
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voltages of the precision summing network, the zero drift 
ОҒ the amplifier, snd the enalog sampling mechenism must be 
better than .1, in accuracy, as well. To help achieve this 
aceuracy it is recommended thet the precision resistors be 
of a non-conductively КОСЫ сыс лл type, each with a 
trimer. If possible, they should be mounted near each other 
on а conmon heat sink, since their ‘elative values determine 
the precision. 

р. ТЕ ЕР. 

The advantages and disadvantrges of the various 
choppers have been covered in more detcil in III-D. Although 
ЕЕ с ш оПСОррет сс S6 table for the purposes of this 
ПЕЕЛИ У aves bicstion, transistor choppers rre recom- 
о а пре Of amplifier becnuse of their relatively 
low cost, long life, ruggedness, low power requirements, anı 
small bulk. This is done with the reservation thet some means 
of neutralizing the error caused by "on condition" trensis- 
Lor current through the filter resistor must first be developed, 

и. Summary. 

Using the complementary AC amplifiers, one amplify- 
ing e chopped DC signal, asas a Substitute for a DC amplifier 
is a technique which is feasible for ADCON and other appli- 
ertions. For best results from a system accepting signals 
from -100 to £100 volts, a scaled reduction of the input or 
the use of a ledder type network is recommended, Lbither an 


operationel summing amplifier with over 66 db open loop gain 
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to be followed by a comparator/error amplifier, or ən input- 
limited DC amplifier with no feedback resistor should be em- 
ployed. The transistor chopper should replace the mechanical 
chopper if the major problem of "on condition" transistor cur- 


rent can be solved. 
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APPENDIX I 
REACTION OF THE ADCON TO A SAMPLE VOI TAGS 

For a numerical illustretion of the ADCON operation we 
refer to FIGURL 12, Here a feedback resistor, Rr, is shown 
across the DC Amplifier. |V] = |v efi = 100 VOLTS. Eout 
EKITS to the output of the DC Amplifier, and ell resistances 
have been doubled (since the ratio is the same, no contra- 
ШЕ оп with Chapter 11 occurs here). Let R = Rp. 

As in Analog computers, if the forward gain of the ampli- 
eT з hig) Tû tune input current to the amplifier negli- 


gible, Bout is given by Korn and Korn | 5 f : 


£ ey See ee Y ) (2) 
Sour = \ * DE 1021 


when all of tne resistors are connected to -V, 
For this exemple, let V. = 460 Volts. For the first 


decision: 


= ES (хво LUQUE 100) ЕО 

Since Ejyt is - , no change occurs for FF #1 end the 
£100 and -100 Volts cancel for the remsinder of the cycle. 
ЖЕ Will be omitted henceforth. 

For the next step, 

коль © - ( 460 -100 ) Zen 
Therefore, no change in FF #2. 
Continuing, 


Bout = - ( 460 - 50 - 2 = 215 


Here, FF #3 removes lR from the process. 
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Next, 

I - ( 460 - 50 4208 = 42,5 
anar so torta, 

FIGURE 13 lists some of the values which may be expected 
for typical inputs. The resolution of the system is тт ог 
a little better than .l;. Note eG the number obtained is 
not a binrry representation of the decimsl system since 
Но пе 13 50, 26, 12.5, ate,, rather than Ol, 32, 16, etc. 
The resistors could be adjusted to the proper values to ob- 


Шоп the ST olciline, l{ desired. Under this condition, 


however, the resolution would be 1.25 times as ргег%. 
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FIGURE {2 SIMPLIFIED SUMMING JUNCTION 
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APPENDIX II 
THE CONTROL GATES 

The control gates which can be similar to the circuit 
shown in Figure lh, must use the non-regulated output of the 
flip-flops to spply or remove, as the logic dictates, a 
highly regulated voltage, Vp, to the associated precision 
resistors. To illustrate control gate action, let Vo be 
¢ 2 Volts and the flip-flop multivibrator signal be / 5 
Volts for the case where the flip-flop is set, and O Volts 
for the case where the flip-flop is reset. Assume ШЕЛІ із 
included in Ry. For the "set" condition, 4 5 Volts applied 
to the transistor 's base will cut it off. Current flow will 
be as shown by the solid arrows, and diodes I and III will 
be beck biased, provided Vo<V3. Since these ere both 


negative voltages, this inecuality occurs when 


(aoe) I> (ada) 


if the small diode voltage drops sre neglected. This in- 
equality should be designed into the circuit with sufficient 
safety margin to allow for changes in Ya and for replacement 
of the transistor. The precision resistor for this stege 
would be R4 f Rtrim / Ra FRatode ТЕ. 

For the "Reset" condition zero volts is applied to the 
base, allowing the current flow indicated by the dotted 
arrows. Assuming only a small Vag for the trensistor under 


this condition, Vp ənd V} are at about # 2 Volts, back- 
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biasing diodes II and IV. R is then grounded through Rp. 
The diodes used ЕЕ system should have a low forwerd 
resistance and a high back resistance. Since Rajode 112 the 
forward resistance of diode II, may be calibrated out of the 
problem by adjustment of Rtprin, the forward resistance need 
not be an inescapable error. A high value of Vp, of course, 
pee helps tnis situation. Care must be t^ken that the back 
resistances of I and III are very high. The effect of leax- 
аке сиггеп through these diodes may be studied by replacing 
them with their back resistances and drawing a Thevenin 
equivalent embracing Vi, Rr, Hg and the bac!:-resistances in 
perallel with each other, loading the "ideal" circuit be- 
tween Rp and Rergm: Several diodes in series replacing 
останай a similar arrangement for III, will help keep 


the back-resistance high. 
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APPENDIX III 
SUMMING AMPLIFIER ERROR 00.5 TO FINITE GAIT 
The formula for the output of a summing ютр11Г1ег, аз- 
suming negligible current flow to the amplifier, is given 
by Korn and ¡torn "m 6 | as: 
во = А 
"Ein Си 
where R, is the’ input resistor 


Re is the feedback resistor 


A is the open loop gain = ~ |А| 


Rearranging, 
Ein H4 1(1Z7 Re Iu 


14] R1 
Assume К, = Ri. Then 
LN > 1 
Bin 271 
[Al 
Nor Inrimvesoren Joop gala, E, 3% -1 
Ein 





A .1% maximum error restricts 


іш ғ” 2906 
Ein 


E 
Es 


< 1.001 








Using the larger volue, 
- 1.001 = - 1 giving |Д| « 2002 
(тт 
or [Alp = 20 log 2002 = 66.2 db 
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